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Abstract
TheHERA-BOuterTrackerconsistsofdrift tubesfo ldedfrompolycarbonatefoilandisoperatedwithA r/CF4/CO2 asdrift
gas.Thedetectorhastostandradiationlevelswhi charesimilartoLHCconditions. Thefirstprotot ypesexposedtoradiation
in HERA-B suffered severe radiation damage due to t he development of self-sustaining currents (Malter effect). In a
subsequentextendedR&Dprogrammajorchangestoth eoriginalconceptforthedrift tubes(surfacecon ductivity,driftgas,
productionmaterials)havebeendevelopedandvalid atedforuseinharshradiationenvironments.Inth etestprogramvarious
agingeffects (likeMaltercurrents,gainlossdue toanodeagingandetchingoftheanodegoldsurfa ce)havebeenobserved
andcuresbytuningofoperationparametershavebe endeveloped.
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1.Introduction
HERA-B [1] is an experiment designed tomeasureCP violation in theB system using the so-called gold-
plateddecaychannel,B 0→ J/ ψK0S → l+l−pi+pi− (l=e,µ).Eventsareproducedbycolliding920GeVenergy protons
accelerated in theHERAproton ringwithmovable ta rgetwires installed in the protonbeam halo. In or der to
accumulate enough statistics within reasonable time , the experiment needs a very high proton-nucleus ( pN)
interactionrate,andverysophisticatedtriggeran dDAQsystems[2],abletoselectandfullyreconst ructtheB 0→
J/ψK0S eventsinabackgroundtwelveordersofmagnitudel argerthanthesignal.
TheFirstLevelTrigger[3]isdesignedtoselecte ventscontainingtwoleptontracksforminganinvar iantmass
compatible to theone of the J/ ψ. The two leptonsmust be identified among an averag e of 200 charged tracks
produced per bunch crossing in the detector when ru nning at 40 MHz interaction rate. The particle dens ity
follows an 1/R 2  dependence, with R being the radial distance to th e proton beam. All this requires tracking
detectorswithveryhighefficiency,goodhitresol utionandcoveringalargearea,whichisaccomplis hedbyusing
differentgranularitiesandtechnologies:aSilicon Vertexdetectorneartheinteractionpoint[4],Mi croStripGas
Chambers(InnerTracker)[5] in theforwardregion closest to thebeampipe,andsingle-wiredrifttub es(Outer
Tracker, OTR) to cover the largest area starting at  a radius of 19 cm from the beam and extending to a n
acceptance of 250 mrad. Leptons are identified in t he sampling Electromagnetic Calorimeter with shashl ik
geometry [6] or in theMuonSystem [7], that uses d rift tubes andpad chambers for the outermost regio n and
pixelchambersintheregionclosesttothebeam.A dditionally,aRICHdetector[8]isusedforthe pi/Kseparation.
ThehigheventrateneededforthechallengingCPv iolationmeasurementresultsinahighradiationle velthat
the experiment has to withstand. This led to severa l aging problems with the gaseous detectors, which are
describedin[9,10,11]forcomponentsotherthanth eOuterTracker.Inthefollowing,thedesignconst raintsand
technologicalchoicesmadeafterextensiveR&Dofa gingphenomenafortheOuterTracker(OTR)aredesc ribed
in detail. Earlier reports can be found in [12,13,1 4]. In spite of the conventional technology, theOT R can be
consideredasanewgenerationdetectorthatwills ufferexperimentalconditionsverysimilartothose expectedat
theLHCdetectors.
2.TheHERA-BOuterTracker
Theacceptancecoverage,theFirstLevelTriggerre quirements,andparticlerecognitionneedsofHERA- Bare
metbyatrackersystemcomposedofthirteenmeasur ementSuperLayers(SL)ofdifferentsizes.SLare splitinto
twohalves.EveryhalfSLconsistsofplanedetecto rlayersthatareembeddedinacommongasbox.The largest
stationhasanareaof6.5x4.6m 2.Everydetectorlayerconsistsofdetectormodule smadewithhoneycombdrift
cell technology.  TheOTRconsistsof a totalof 97 8modulesand115000 readout channels.The total ca thode
surfaceis8000m 2 andthetotalgasvolumeis22m 3.Intheinnermostpart,closertothebeampipe,m odulesare
madewithcellsof5mmdiameter.In theouterpart ,where thetrackdensityis lower,10mmcellspro videthe
neededcoverageminimizingthechannelcount. Seve nstationsareinstalledinsideamagneticfieldof upto0.8
Tesla,providinga field integralof2.1Tm.Thede signgoalsof the systemwere toprovide ahit reso lutionof
about200 µm,ahitefficiencyof98%andamomentumresolutio nof  ∆p/p2~10-4/GeV/c.
Theconstructionschemeofeverydetectormoduleis showninfig.1.Apre-folded,soot-loadedpolycar bonate
foilof75 µmthickness(trademarkPokalon-C)isfixedinanal uminiumtemplate(notshownin thefigure) that
definesthehexagonalcellgeometry.Thefoilhast heneededbulkconductivitytotransporttheioncu rrent.One
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meter long foils are placed along the template to p roducemodules of up to 4.6m length. Foils in subs equent
layersarestaggeredby50cm.Supportingstripsma deofFR4material,100 µmthick,withmetalsolderingpads
aregluedto the foil.Thesesupportingstripsare placedevery50-60cmtoreducethefreewire lengt h.Atboth
endsof themodule, hexagonalpiecesmadeofNORYL arealsoglued to the foil to connect the thin cell body
withthefixationplate.Gold-platedtungstenwires (6%goldinweight)of25 µmdiameterarestrung,tensioned
at50grams,andsolderedtothemetalpadsonthe supportingstripswhilethecellisstillopen.To limitthewire
occupancy, thecellsofmodulesclose to thebeama re longitudinallysegmented, theshortestsegmentb eing20
cmlong.Thesignalsfromtheinnersectorsaretra nsportedby75 µmCu/Bewires(strungwiththesametension
andsolderedtothesupportstrips)tothemodule ends.Thesethickerwiresdonotgiverisetoelect rostaticfields
largeenoughforsignificantgasgain.Solderingpo intsarenotcleanedupofcolophony.Anotherseto f foils is
preparedonanothertemplate,whereglueisapplied tothefoils.Alongthecell,alsoadotofconduc tiveglueis
appliedevery20cm.Thetemplateistheninstalled ontopofthewiredhalf-cellsthusformingthehe xagonaltube
cells.The templates are coveredwith anticontactp asteQZ5111 (fromCibaSpezialitätenGmbH) to avoid  that
foilssticktothem.Completemodulesareconstruct edbyrepeatingtheprocedure[15].Sincethefoil materialis
notstrongenoughmechanicallytoformaself-suppo rtingstructure,stabilizationcarbonrodsof 2mm diameter
needtobegluedtotheexternalmodulefoilsinor dertoguaranteestraightnesswhenmodulesareasse mbledin
the final vertical position. Electronic boards to p rovide positive high voltage to the module wires an d
manufacturedwithSMDcomponents are installedat t hemoduleends.Theseboards are inside the gasvol ume
afterdetectorinstallation.
Signals are read out by front-end amplifier-shaper- discriminator boards (ASD-8) [16] placed at themod ule
endoutsidethegasboxawayfromthebeampipewhe retheradiationisbelow50Gy/year.LVDSsignals from
the preamplifier outputs are digitized in a TDC [17 ] board, whose information is then sent to the HERA -B
readoutsystem.
3.Implicationsofthedesignforagingstudies
The size, running environments and building technol ogy pose some constraints that can affect the aging
behaviourofthedetector:
• Thechoiceofhoneycombgeometryandtheconstructi ontechniqueforcestheuseofafoldablefoil(Pok alon-
C)andsupportingstrips(FR4)tofixthewires.So lderingpointsandgluesareinsidetheamplificati onregion.
• Themaximumdriftdistanceinthedetectoris5mm andsomeofthechambersareinsideamagneticfiel dof
upto0.8Tesla.Inaddition,someofthesignalsh avetobetransmittedupto2.2m.However,inorde rto
triggersignalswithinonebunchcrossingtolimit occupancy,themaximumalloweddrifttimeis75ns, which
isgivenbythetimebetweenprotonbunchesinHERA plussignalpropagationtimes,TDCdelays,etc..T his
requiresagaswithveryhighelectrondriftveloci tiesintheorderof100 µm/ns,whichforcesoperationwitha
CF4-basedgas.MixturesofCF 4/CH4 (80:20),Ar/CF 4/CH4 (74:20:6)andAr/CF 4/CO2 (65:30:5)havebeen
tested.
• Bydesign,thedrifttubesarenotseparatelygast ight.Gasisdistributedtothecellsbyinstalling themodules
insidealargegasboxthatisflushedwithagasi nletatthebottomandoutletatthetop.Thus,gas isincontact,
notonlywithallthematerialsofthemoduledetec toritself,butalsowiththegasboxandtheelect ronics
boardsthatservethehighvoltage.Thelargegasv olumeof22m 3 andtheexpensiveCF 4-basedgasrequirethe
useofarecirculatinggassystem[18].Purifiersa ndoutgassingeffectsofallmaterialsinsidetheg asboxhave
tobecarefullytested.
• TheHERAprotonbeamhasaninter-bunchtimeof96 ns.Torecordtheneedednumberofgold-platedJ/ ψK0S
events,theHERA-Btargetispositionedintothepr otonbeamtoproduceanaverageoffourinteraction sper
bunchcrossing.Asshowninfig.2,underthesecir cumstances,theprimarychargedparticlefluxrecei vedat
HERA-Bisequivalenttothosethatwillbeseenin detectorsatLHC.Theobservedparticleflux,which
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includesalsoparticlesfromsecondaryinteractions andgammaconversions,wasfoundtoreach(atadi stance
of20cmtothebeam)2 ⋅105 cm -2s-1.
• Duetoelectronicsnoiseinthefront-endelectroni cs,thethresholdcannotbelowerthanabout2.5fC .Onthe
otherhand,theattachmentintheCF 4-basedgasmixturesusedisintheorderof3-4,so thatthedetectorhasto
operateatagainofabout3 ⋅104.Consequently,theexpectedaccumulatedchargein thehottestareasofthe
detectorswasestimatedtoreach0.4-0.5C/cmper year1.

Since HERA-B was designed for several years operati on, detector and materials had to be tested up to a
minimumirradiationof2-3C/cm.Outgassingandagi ngeffectsofallthematerialsinthegasboxand gassystem
purifiershadtobecarefullytestedforsuchcondi tions.
4.ObservationofMaltereffectinearlyprototypes
In first aging studies, small test chambers of hone ycomb drift tubes operated with a drift gas mixture  of
CF4/CH4  (80:20) were irradiated with X-rays from a tube wi th a Molybdenum anode (35 kV) up to an
accumulatedchargeof4.5C/cm.Noagingeffectswe reobservedinthesetests.

Table1.Materialsusedinthefirstprototypemodu lestestedinHERA-B
Component Material
Cathode Soot-loadedPokalonfoil(Pokalon-C)
Anodewire 25 µmAu/WfromCaliforniaFineWires
Signaltransportwire 75 µmCu/BefromLittleFallsAlloy
Supportingwtrips FR4withCumetalpads
Supportingglue AralditeAW106andhardenerHV953U fromCiba-
GeigyAG
Conductiveglue SilberLeitkleber3025fromEpoxyP rodukteGmbH
Soldertin FluitinSN60%Pb38%Cu2%DIN1707F-S W26
DIN85162.2%fluxfromKüppersMetallwerk
GmbH
End-pieces NORYL
Gasbox Aluminiumframesandwindows
Gassystem Cupiping,openloop,waterbubblerone xit.

In 1997, 1-meter long module prototypes produced wi th the same techniques as described above and the
materials listed in Table 1 and operated with CF 4/CH4 (80:20) gas mixture were installed in HERA-B. The
chambers were operated with target rates up to 20 M Hz. After 3-4 hours of operation, with an accumulat ed
chargeof5-10mC/cmperwire,themeasuredchamber currentsstartedtoraisereachingvaluesfivetim eslarger
thanatirradiationstartup.Afterremovingthetar get,ie.stoppingtheirradiation,arestcurrent remainedandonly
disappeared after switching off the HV. However, on ce observed, the behavior was triggered again almos t
———
1
1year=10 7 sisassumed.Thisestimatewasdoneforthegasm ixtureCF 4/CH4 (80:20),whereatotalionizationoftheorderof 160e/cmwas
assumed.Thecorrespondingvalueisaboutafactor 1.6lowerforthefinallychosengasAr/CF 4/CH4 (65:30:5).However,somesafety
factortoaccountforthepresenceofheavilyionis ingparticlesisincluded.
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immediately under radiation. The same effect was re produced operating the detector with an Ar/CF 4/CH4
(74:20:6)gasmixture.Figure3showsanexampleof thisobservationin1997chamberprototypes.
Suchabehaviorofthecurrentscanbeexplainedby theMaltereffect[19].Aninsulatinglayeronthe cathode
surfaceinhibitstheneutralizationofpositiveion sarrivingfromtheavalancheattheanode.Thisge neratesanion
layerwhichaccumulatesandgeneratesastrongelec tricfieldacrosstheinsulatinglayer.Atsomepoi ntthefield
becomes strong enough to extract electrons out of t he cathode with enough energy to pass the ion layer ,
generatinganavalancheandthuscreatingaself-su stainingcurrent.
Severalad-hoc remedieswere tested,suchasadding about1percentwateroralcohol to thegas.Thew ater
additiondidnothaveanyeffect.Alcoholhadpreve ntedtheself-sustainingcurrentstoappear.Howeve r,thefoils
sufferedmechanicaldeformations,andthereforethi smethodwasnotaviablesolution.
5.ReproductionofMaltercurrents
TherestrictedaccesstotheHERA-Bexperimentmade itdifficulttoperformasystematicR&Dstudyof this
effect inHERA.SincetheMaltercurrentscouldnev erbeobservedunderX-rayirradiation,itwasnece ssaryto
findaradiationsourcethatresembledtheHERA-Bc onditionsandwasabletoreproducetheMaltercurr entsin
chambersbuiltasthoseinstalledinHERA-B.
Several parameters, like irradiation area, irradiat ion density and particle typewere varied. Table 2 shows a
summaryofthesetests.Allchamberstestedwerebu iltusingthematerialsspecifiedinTable1.Chamb erswere
typically16cellswideand10-100cmlong.Severa lconclusionscanbeextractedfromthesetests:
• ElectromagneticradiationisnotabletoproduceMa ltercurrents.However,ifthechamberhasprevious lybeen
irradiatedinahadronicbeam(evenifdidnotshow Maltercurrentsbecauseofthelowirradiationrec eived),
Maltercurrentscouldbeobserved.Oncetriggered, chambersarepermanentlydamaged.
• Onlyirradiationinducedbyhadronicparticlesabov ecertainenergyclearlyreproducetheMaltereffec taftera
fewmC/cmofaccumulatedirradiationdose,asitwa sobservedintestmodulesinstalledinHERA-B.
• Slightindicationsthattheirradiationareacould alsoplayarolewereobservedinthetestusing70 MeV/c
protonsinPSI.

Table2.Characteristicsoftheagingtestsperform edwithirradiationsourcesaimingtoreproducethe Maltercurrentsinchambersbuiltinthe
samewayastheprototypestestedinHERA-Bin1997 .
RadiationType(Facility) Accum.Charge
(mC/cm)
RadiationDensity
(µA/cm)
IrradiationArea
(cmxcm)
GasMixture a Malter
CurrentsSeen?
X-raysMo35kV(DESYZeuthen) 5000 1.5 1x3 CF 4/CH4  NO b
XraysCu8keV(Dubna) 6000 5 0.5x1 Ar/CF 4/CO2  NO b
Electrons2.5MeV(Hahn-MeitnerInstitut) 10 0.1-3 100x30 Ar/CF 4/CH4  NO b
X-raysCu8keV(Univ.Heidelberg) ~5-10 0.1 46x3 0 Ar/CF 4/CH4  NO b,c
Protons13MeV/c(FZ-Rossendorf) 5 0.3 9x9 Ar/CF 4/CH4  NO
α-particles28MeV/c(FZ-Rossendorf) 3 0.6 1x3 Ar /CF4/CH4  NO
Protons70MeV/c(PaulScherrerInst.) ~5-10 0.2 0 .5x0.5 Ar/CF 4/CH4  NO d
pi/protons350MeV/c(PaulScherrerInst.) ~5-10 0.02  12x22 CF 4/CH4  YES
α-particles100MeV/c(FZ-Karlsruhe)  ~5-10 0.4 7x7 Ar/CF 4/CH4  YES e
pNCollisions(HERA-B) ~5-10 0.02-0.04 100x30 All gasmixt. YES
a
Exactcompositionsasfollows:CF 4/CH4 (80:20),Ar/CF 4/CH4 (74:20:6),Ar/CF 4/CO2 (65:30:5)
bMaltereffectcurrentscouldbetriggeredwiththis sourceinchambersthathadbeenpreviouslyirradi atedinhadronicbeamsabletotrigger
theMaltereffect.
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cAverystronganodeagingandpersistentdarkcurre ntswereobserved.
dMaltereffectcouldbeignitedbyincreasingtheir radiationareatoapproximately5x5cm 2.
eAlsoseenwithCF 4/CH4gasmixture.

The results in Table 2 suggest that a hadronic beam  above a certain energy (about 100MeV/c) is able t o
reproducetheagingeffectsseenintheHERA-Benvi ronment.
Duringthesetests,itwasalsofoundthat,inthe 350MeV/c pibeamatthePaulScherrerInstitute,achamber
wherethePokalon-Cwascoatedwithcarbonspray(G raphit33LeitlackfromKontaktChemie,CRCIndustr ies
Deutschland, Iffezheim)didnotshowMaltercurrent s, thussupporting thehypothesis that theeffectp reviously
seeninHERA-BwascausedbyMaltercurrentsproduc edbyaninsulatinglayeronthecathodefoilsurfa ce.
In addition, at the large-area irradiation X-ray so urce in Heidelberg, a chamber operated with Ar/CF 4/CH4
(74:20:6),showedaveryfastanodeagingphenomeno n.Themonitoringanodecurrentsdroppedby50%aft er8
hours of irradiation, corresponding to about 5 mC/c m. This effect was very difficult to observe in HER A-B
becauseofthehightargetratefluctuations.Anoth erchamberwithaverylargeKaptonwindow(of100x 50cm 2)
showedpersistentdarkcurrentsafteranaccumulate dchargeoftheorderof8mC/cm.
Inordertostudysystematicallyall theseeffects andtodecideonthematerialsandproductiontechn iquesof
thedetector,itwasdecidedtodosystematictests atthe100MeV α-beamattheFZ-Karlsruhe.
6.Systematicaginginvestigationsandvalidationo fchamberconstructionparametersina100MeV α-
beam.
Thevalidationofparametersfortheconstructiono ftheHERA-BOuterTrackerandgassystemwasmade at
DESY-Zeuthen (X-rays, Mo 35 kV), Hamburg (X-rays, C u 8 keV) and in the 100 MeV/c α-beam in the
ForschungszentrumKarlsruhe.Details of the two fir st setups are given in [20,21,22]. Here, the invest igations
madewiththe100MeV/c α-beamaredescribed,wheremostofthebasicchambe rparameterswerefixed.
Fortheseinvestigations,16-cellchamberswithon elayerof30cmlengthand5mmcelldiameterwere built.
The cathodematerial usedwasPokalon-C coatedwith  differentmetals:Cr,Au,Cu/Auwith thickness var ying
between50 to 100 nm.Thematerials and design for the chamberswere carefully selected such that only  one
parameteratatime(e.g.:theCu/Bewire,irradiat ionofFR4strips,soldertin,differentglues,etc …)wastested.
ThedefaultmaterialsarelistedinTable3.Chambe rswithmaterialsasspecifiedinTable1werealso testedasa
cross check. All chambers were installed in identic al gas boxesmade of clean aluminium frames andKap ton
windows. All gas seals were done using the glues sp ecified in Table 3. Several chambers, where gas was
introduceddirectlyintothecellsbyusingamodif iedend-pieceandsteelcapillaryconstruction,wer ealsobuilt.
Inthosecases,thesealingoftheend-pieceandca pillaryconstructionwasdonewithTorrseal8030fr omVarian.
Theopen-loopgassystemusedonlyelectro-polished stainlesssteeltubing.Thedefaultgasflowwaso negas
boxvolumeexchangeperhour.Bydefault,thegasi nletwasonthebottomofthegasboxandthegaso utleton
the top. The chamberswere not separately flushed. In order to test the possible influence of the gas flow the
chambershavinggasinputcapillarieswerealsoope ratedwith10and0.1volumeexchangeperhour.For thetest
ofoutgassingofcontactmaterialsusedduringmass -production(eg:theanticontactpasteusedinthe templates),
gaswasflushedthroughaboxcontaininglargesamp lesofthematerialunderstudybeforeenteringthe irradiated
detector.
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Table3.MaterialsusedinthemodulestestedinKa rlsruhe.
Component Material
Cathode Pokalon-CcoatedwithCu(50nm)/Au(40nm) a in
APVVGmbH,Essen,Germany
Anodewire 25 µmAu/WfromCaliforniaFineWires
Signaltransportwire 75 µmCu/BefromLittleFallsAlloy
Supportingstrips FR4withSncoatedsolderpads
Supportingglue STYCAST1266/Catalyst9fromEmme rson&
Cummings
Conductiveglue SilberLeitkleber2025fromEpoxyP rodukteGmbH
orTraduct2922fromTracon
Soldertin FLUITIN1603Sn60PbDIN1707F-SW32DIN
8516,3.5%fluxfromKüppersMetallwerkGmbH
End-pieces NORYL
Gasbox AluminiumframesandKaptonwindows b
Gassystem ElectropolishedStainlessSteeltubes
a
CoatingsofCr,AuandCrbetween50nmand100nm werealsotested.
b
Insomechambers,aluminizedMylarfoilwasglued ontopoftheKaptonfoiltodisentangletheeffect thatKaptonistransparenttowater.

Anode currentswere continuouslymonitored with a p recision of 1 µA.An 55Fe spectrum of the irradiated
wires was recorded periodically. The gas system mon itored main (Ar, CF 4, CH 4  and CO 2) and trace gas
components(O 2,H 2O)mainlybyuseofachromatograph.
The tests served to solve the aging phenomena obser ved and to validate the final selection of chamber
materialsandproductiontechniques.
6.1.FastAnodeAging
Thefastanodeagingobservedwhenchamberswereop eratedwiththeAr/CF 4/CH4 (74:20:6)gasmixturewas
confirmedinthesetests.Thisagingeffectwasind ependentofthematerialsusedandofthetypeofc athodefoil.
The 55Fe spectra in the irradiation areas showed a decrea se in gain compatible with the anode current drop
observed.Thecurveinfig.4showsthe 55Fe  spectrumalongonewireafteranaccumulatedcharge of5mC/cm.
Theregionwherethe 55Fepeakpositionislowercorrespondstotheirradi ationarea.Theinspectionofdamaged
chambersshoweddepositsintheformoffragilewhi skersontheanodewires.BymeansofEnergyDisper siveX-
raySpectroscopy(EDS)incombinationwithScanning ElectronMicroscopy(SEM),itwasshownthatthem ain
constituentswereCandFinvaryingproportions,s ometimesaccompaniedbySi.
NoneofthechambersoperatedwithAr/CF 4/CO2 (65:30:5)gasmixtureshowedanysignofanodeagin g.Tests
donewithAr/CO 2 (80:20),agastooslowforuseinHERA-B,didnot showanyanodeagingeither.
Moreover, a chamber previously aged using the CH 4-based mixture, was irradiated for some hours after
changingthegastoAr/CF 4/CO2 (65:30:5).Thepointsonfig.4showthepeakposit ionofthe 55Fe  spectrumalong
onewire after irradiationwith theCO 2-basedgasmixture.Onecanclearly seehowthe cha mber is completely
recovered after exchanging the gas.Consequently, f or the operation of theOTR inHERA-B, theAr/CF 4/CO2
(65:30:5)gasmixturewaschosen.
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6.2.Maltereffect
Maltercurrentswereobservedforallchambersmade withuncoatedPokalon-CandoperatedwithAr/CF 4/CH4
(74:20:6).Allthesechamberspreviouslyshowedmas siveanodeagingasexplainedinsection6.1.Inspe ctionof
thecathodefoilbyelectronmicroscopyshowedthe following[23]:
• UsingSEM,itwasfoundthatforlowelectronenerg ies,thesurfaceofnon-agedPokalon-Cfoilbehaved like
aninsulatinglayer.Atatransitionenergyofabou t0.9keV,whichprobesdeeperintothematerial, thefoil
surfacelookedconductive.Thisobservationcouldb einterpretedasthefoilhavinganinsulatinglaye rofabout
100nm,whichmaybearesultoftheproductionpro cedure.
• Theinspectionofcathodefoilfromagedchambersw ithelectron-emissionspectroscopyforchemicalana lysis
showedCF,COandCNcomponentsinapolymerizedfo rmattachedtothefoil.Thenitrogencontentinth e
spectracouldbeanindicationforoutgassingofth eepoxyusedforgluingsomeofthetestchambers thatwere
builtlikethefirstprototype(AralditeAW106,ha rdenercontainsCNcomponents).

Chambers built with uncoated Pokalon-C operated wit h Ar/CF 4/CO2 (65:30:5) did not show clear Malter
currents.However,insomecases,spuriousrestcur rentsandinstabilitieswereobservedbothinthe1 00MeV/c α-
beam and in HERA-B. None of the chambers built with  Pokalon-Cwith coating of any kind showedMalter
effect,independentlyofthegasmixtureusedando fwhethertheyshowedanodeagingornot.Clearly, anymetal
coating provides sufficient surface conductivity fo r the cathode to avoid completely theMalter effect . For the
constructionoftheOTRitwasconsequentlydecided tousePokalon-Ccoatedwith40nmAuontopof50 nm
Cu. This specific choicewas drivenby the fact tha tCu attaches better to plastics thanAu.Additiona lly, non-
outgassing glues were exclusively used and the mate rial cleaning procedures were made stricter for  ma ss
production[24].

6.3.Persistentdarkcurrents
Afteranirradiationdoseof300mC/cm,thechamber producedwithPokalon-CcoatedwithCu(50nm)/Au(4 0
nm) andoperatedwithAr/CF 4/CO2 (65:30:5) gasmixture at 1/10of the nominal volume  exchange in the drift
tubes (using the special capillari construction) st arted to draw currentswith ohmic behaviour, simila r to those
observedintheHeidelbergX-raytests.Itwasfoun dthatthesecurrentswerecausedbythesupporting FR4strips,
whichbecameconductiveduringirradiation.Inspect ionofthestripsshowedstrongcorrosionbothoft heepoxy
ofthestrips(theglassfibertexturebecamequite pronounced)andofthesolderpoints.Itwasfurth erfoundout
that the water content of the gas had exceeded 3000  ppm during the irradiation period, due to the Kapt on
windowsusedinthegasboxesandthelowoperation gasflow.
Asystematictestvaryingthewaterconcentrationo fthegaswasperformed.Toavoiduncontrolledsour cesof
waterdueto thetransparencyof theKaptonwindows ,anadditionalaluminizedMylarfoilwasgluedto thegas
windows. The chamber was operated at the nominal ga s flow and water was added to the gas by flushing i t
throughwater vapor in a temperature-controlledwat er bath. Figure 6 shows themeasurementof dark cur rents
versus the water concentration. An almost linear de pendency of the ohmic dark current with the water
concentrationisobserved. However,ohmiccurrents donotappearifwaterconcentrationsarebelowab out500
ppm.
Thisfactclearlyhasimplicationsforthegassyst emandthegasboxconstructionofthefinalHERA-B Outer
Trackerdetectorthathavetoensureenoughgas-tig htnesstomeetthisrequirement[18].
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6.4.Anodeswellingandanodeetching
Figure6showsthepeakpositionsof the 55Fe  spectrumalong thewire forseveralwires irradiate din the100
MeV α-beam at FZ Karlsruhe after an accumulated charge o f 600 mC/cm for chambers operated with
Ar/CF4/CO2 (65:30:5). A slight 6-10% gain drop is observed fo r wires in the center of the irradiation zone.
Inspectionoftheanodewiresshowedthattheyhad becomeslightlythicker(consistentwiththegaind rop)and
thatthegoldpartlyhadpeeledoffinsomeareas. Furtherlaboratorytests[20]withirradiationleve lsbetween0.4
and0.7 µA/cmreproducedtheeffectifthewaterconcentrati onwasbelowabout100ppm.However,anothertest
[22]inwhichtheirradiationlevelwas0.2 µA/cmandthewaterconcentrationwasbelow50ppmd idnotconfirm
this result.Difficulties inmeasuringsuchlowwat erconcentrationsasthereasonforthisdiscrepanc ycannotbe
exluded.
7.Summary
The Outer Tracker of HERA-B has been constructed wi th honeycomb drift tubes. The harsh operating
environment in terms of radiation dose and particle  flux, which is very close to those expected at the  LHC,
requiredproductionmethodsofanewgenerationof gaseousdetectors.
Agingstudiesareusuallyperformedwithsmallprot otypesofthefinaldetector.Specialcarehastob etakento
the scalability, the influence of outgassingmateri als (whichmight bemore abundant in the final syst em), the
radiationdensity(thathastobebalancedwiththe durationofthetest)andtheparticletype.Inpa rticular,someof
the aging effects produced in the final detector co nditions for the HERA-B Outer Tracker could only be
reproducedwithahadronicbeamaboveacertainene rgyand,possibly,abovecertainirradiationarea. Thechoice
oftheirradiationsourceforagingtestsmustalso beapartofthedetectorR&D.
Inthedetectorconstruction,severallessonshave beenlearnedfromtheextensiveR&DdonefortheHE RA-B
OuterTracker:
• Someagingeffectsmightbeparticletypeorenergy dependent.Beamtestsforagingstudiesmustresem ble
runningconditionsofthefinaldetector.
• Specialcarehastobetakenofthesurfaceconduct ivityoftheplasticcathodefoil.Microscopicnon-
conductivelayerscanbecrucialforthesafeopera tionofthedetector.Theagingeffectscausedbyt heseareas
mightnotappearincommonX-raylaboratorytestsa nd,asinthecaseoftheHERA-BOuterTracker,can
appearafteraverylowirradiationdose.
• MethanecancausesevereanodeagingalsoinCF 4-basedgases.TheuseofCO 2 asquencherwasproventobe
safefortheOuterTracker,althoughatthepriceo freduceddriftvelocity.
• Specialcarehastobetakenoftheselectionandc leaningproceduresofallthematerialsthatmight bein
contactwiththegas.Non-outgassingcomponentsand carefulcontrolofmaterialhandlingduringproduc tion
aremandatory.
• CF4 isanexpensivegasthatforceslargedetectorsto useare-circulatinggassystem.Theoperationpar ameters
ofthesesystemshavetobethoroughlytestedinth edetectoragingstudies.Inparticular,thewater contentand
thegasflowcanplayadecisiveroleintheoperab ilityofthefinaldetector.
The main lesson to successfully build and operate t he new generation of gaseous detectors that can sta nd
radiation doses on the order of 500 mC/cm per year is to make very systematic aging tests with prototy pes
containing allmaterials and building techniques in  an environment resembling the final running condit ions as
closelyaspossiblebeforestartingproduction.
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Fig.1.Illustrationofthehoneycombtechnology.S eeexplanationsofthebuildingtechniqueinthete xt.Inthelowerpartofthefigures,the
crosssectionofsingleanddoublelayersmodulesa reshown.

Fig.2.Comparisonoftheprimarychargedparticle densityasfunctionoftheradialdistancefromthe beamfordetectorsatHERA-Band
LHC.Itcanbeseenthat,atHERA-B,detectorsare closertothebeam,thusreceivingthesamecharged particleflux,asLHCdetectorswill
detect.
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Fig3.ExampleofthedevelopmentofMaltercurrent sin1997testchambersinstalledinHERA-B.Thech amberswerebuiltwithuncoated
Pokalon-Cfoil.ThedriftgaswasCF 4/CH4 (80:20).Thefigureshowsthetimebehaviorofthe high-voltageappliedtotheanodewire,the
anodecurrentmeasuredandthetargetrate(whichi sproportionaltotheradiationloadinthechamber s).

Fig.4.Positionofthe 55Fepeakasfunctionofthesourcepositionalongth ewireaftersevereanodeagingproducedbyirradia tionunder
Ar/CF4/CH4 (74:20:6)(fullcirclesandcurve)andafterrecov eringfromirradiationbyoperatingwithAr/CF 4/CO2 (65:30:5)(squares).
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Fig.5.Measurementofdarkcurrentsversusthewat erconcentration.Analmostlineardependencyofth eohmicdarkcurrentwiththewater
concentrationisobserved.ThegasusedisAr/CF 4/CO2 (65:30:5).
Fig.6.Peakpositionofthe 55Fe  spectrumalongthewireforseveralirradiatedwire safteranaccumulatedchargeof600mC/cminchamb ers
operatedwithAr/CF 4/CO2 (65:30:5)(fullsymbols),comparedwiththesituati onbeforeirradiation(opensymbols).Thegaindrop isbetween
6-10%inthecenteroftheirradiationzonedueto theswellingoftheanodewires.
